ABSTRACT: Growing gilts that had catheters inserted into the portal vein, ileal vein, and carotid artery and that were trained to consume 1.2 kg of a 16% CP corn-soybean meal basal diet once daily were used. In Trial 1, hourly simultaneous measurements of the 0 2 consumption by portal vein-drained organs (PVDO) and by the whole animal during the 24-to 30-h postprandial period were conducted in eight pigs (33.8 k .6 kg). After initial measurements, four pigs continued to receive the basal diet and four pigs were fed a basal diet + 250 ppm of Cu. Following a 7-d acclimation period, the second series of measurements were made. In pigs fed the diet supplemented with Cu, the PVDO and whole-animal 0 2 consumptions and the fraction of whole-animal 0 2 consumption used by PVDO were not different ( P > .05) between Key Words: Pigs, Copper, Oxygen the initial and second series. In Trial 2, seven gilts (38.5 k .9 kg) were used for measurements of net portal NH3 absorption and the 0 2 consumption by PVDO and by the whole animal during the 0-to 6-h postprandial period. The second series of measurements were made 7 d after four pigs were fed the diet supplemented with Cu. For pigs fed the diet supplemented with Cu, during the second series of measurements, the net portal NH3 absorption was lowered ( P < .05). No differences ( P > .05) in PVDO and whole-animal 0 2 consumptions and the fraction of whole-animal 0 2 consumption used by PVDO were found between the initial and second series. These results indicate that mechanisms other than reduced oxidative demand by PVDO may be responsible for the growth-stimulating effect of high dietary Cu on pigs.
Introduction
Copper, when fed at 125 to 250 ppm, stimulates growth in swine (NRC, 1988; Cromwell, 1991) . The mode of growth promotion by high dietary Cu in pigs is not well understood, but it is thought to be related to its microbicidal effect on the intestinal tract (Miller, 1991) . The growth stimulation effect of subtherapeutic levels of antibiotics and other antimicrobial agents on pigs is also believed to be the result of their microbiostatic and microbicidal properties (Zimmerman, 1986) . Improved growth in pigs fed carbadox, a synthetic antimicrobial agent, has been suggested to be associated with reduced fasting spleen (Yen and Nienaber, 1992) . The growthpromoting effect of carbadox has also been linked to lower net portal NH3 absorption during the 8-h postprandial period (Yen and Pond, 1990) . It is not clear whether high dietary Cu affects postprandial net portal NH3 absorption and fasting oxidative demand by PVDO in pigs.
In the present study, two trials were conducted. The purpose of the first trial was to determine the influence of 250 ppm of supplemental Cu on the 0 2 consumption by PVDO and by the whole animal during the 24-to 30-h fasting period in growing pigs. The second trial was conducted to investigate the effect of 250 ppm of Cu on net portal NH3 absorption and the 0 2 consumption by PVDO and by the whole animal during the 6-h postprandial period.
Materials and Methods

Trial 1. Eight growing gilts with chronic catheters
in the portal vein, ileal vein, and carotid artery were used. The pigs were 1/4 Chester White, 114 Landrace, 114 Large White, and 114 Yorkshire crossbred. The construction of catheters and the surgical procedures were similar to those described previously (Yen and Killefer, 1987) . Before surgery, the pigs were trained to be housed individually and were fed 1.2 kg of a 16% CP basal diet (Table 1 ) mixed with 1.2 L of water once daily at 0930. The 16% CP basal diet was a cornsoybean meal diet fortified with minerals and vitamins to meet or exceed NRC (1988) nutrient requirements. The temperature of the rooms housing the pigs was maintained at 21°C and the lights in those rooms were kept on 24 hld.
Six days after the pigs had regained their preoperative appetite ( 12 d after surgery), preassignment measurements of the 0 2 consumption by PVDO and by the whole animal during h 24 to 30 postprandial were conducted. The measurements were conducted on no more than two pigs each day. The BW of pigs at the time of preassignment measurements was 33.8 f .6 kg. After the preassignment measurements, four pigs were randomly selected and assigned t o continue to be fed the basal diet, and the other four were switched t o a diet supplemented with Cu. The diet supplemented with Cu was the basal diet with 250 ppm of Cu added as copper sulfate pentahydrate. The basal diet and the diet supplemented with Cu were analyzed for CP (AOAC, 19801 , for Ca and Cu by atomic absorption spectrophotometry (Model 11 10, Perkin Elmer, Norwalk, CT), and for P by colorimetry (Fiske and Subbarow, 1925) after wet-ashing. The calculated lysine content of the diets was .75%. On d 7 of dietary treatments, the postassignment measurements of the 0 2 consumption were conducted.
Our previously described method (Yen et al., 1989; Yen and Nienaber, 1992) was used for hourly simultaneous measurements of the 0 2 consumption by PVDO and by the whole animal during the 24-to 30-h postprandial period in the pigs. Briefly, the whole-animal 0 2 consumption was measured with an open-circuit, indirect calorimeter (Nienaber and Maddy, 1985) . The 0 2 consumption by PVDO was calculated by multiplying the whole blood 0 2 concentration difference between carotid artery and portal vein by portal vein blood flow rate. The whole blood 0 2 concentration difference between carotid artery and portal vein was measured by using an arterio-venous 0 2 difference analyzer (Avox Systems, San Antonio, TX). The portal vein blood flow was estimated by the indicator dilution technique, employing p-aminohippuric acid (PAHj as the indicator (Yen and Killefer, 1987) .
Data on the ADG during the 7-d dietary treatment period were analyzed as a completely random design by the use of the GLM procedure of SAS (1989) . Data on the pre-and postassignment measurements of the 0 2 consumption by PVDO and by the whole animal were divided into two subsets, one for the four pigs that were assigned t o continue to receive the basal diet and the other for the four pigs that were switched to the diet supplemented with Cu. Because the measurements were obtained during a series of sampling times, to evaluate changes from the pre-to postassignment period within the same animal, each subset of data was subjected to univariate repeatedmeasures analysis, using the GLM procedure and the REPEATED statement of SAS (1989) . The total amounts of 0 2 consumed by PVDO and by the whole animal during the entire 24-to 30-h postprandial period were further determined by calculating the area under the curve with a trapezoidal technique. The mean change from pre-t o postassignment in the total amount of 0 2 consumption was then tested by paired comparisons, using the MEANS procedure of SAS (19891. Trial 2. Net portal NH3 absorption and the 0 2 consumption by PVDO and the whole animal during the 6-h postprandial period were measured in seven growing gilts with chronic catheters in the portal vein, ileal vein, and carotid artery. The genetic make-up of the gilts and the management and surgical procedures were the same as those in Trial 1. When the preassignment measurements of net portal absorption of NH3 and the 0 2 consumption were made, the pigs weighed 38.5 f .9 kg and had been fed individually the basal 16% CP diet (1.2 kg/d) for 2 16 d. After the preassignment measurements, three pigs were randomly selected and assigned to continue to receive the basal diet, and the other four pigs were switched to receive a diet supplemented with Cu. The postassignment measurements of net portal NH3 absorption and the 0 2 consumption were conducted 7 d later.
The 0 2 consumption by PVDO and by the whole animal was measured by a method similar to that used in Trial 1. The measurements for Trial 2, however, were conducted during the 0-to 6-h postprandial period. Additionally, after the 0-h measurements and blood sampling, the feed (1.2 kg) and water (1.2 L) that were stored inside the upper compartment of the calorimeter were delivered to the feeder by the use of a plastic glove that was attached and sealed to the upper compartment of the calorimeter. The arterio-portal02 difference measurement and arterial and portal blood samples were taken every 30 min during the first 4-h postprandial period and then hourly during the 4-to 6-h postprandial period. A 30-min, whole-animal 0 2 consumption was also obtained each time that the arterio-portal 0 2 difference measurement and blood samples were taken. Within 1 h after the blood samples were collected, plasma NH3 concentration was assayed with our previously reported procedures (Yen and Pond, 1990) . The net absorption of NH3 into the portal vein per unit of time was calculated by multiplying NH3 concentration differences between the portal and arterial plasma by the portal vein plasma flow rate. The portal vein plasma flow rate was estimated by our previously described PAH dilution technique (Yen and Pond, 1990) .
Statistical procedures described in Trial 1 were used for analyzing data on the ADG, the 0 2 consumption by PVDO and by the whole animal, and net portal NH3 absorption. was detected between the pre-and postassignment periods in the pigs that either were fed the basal diet throughout or were switched to the diet supplemented with Cu. In neither pigs that continued to be fed the basal diet nor in those switched to the diet supplemented with Cu was the whole-animal 0 2 con- Figure 1 . Portal vein blood flow, arterio-portal oxygen concentration difference, oxygen consumption by portal vein-drained organs ( PVDO) , whole-animal oxygen consumption, and percentage of whole-animal oxygen consumption used by portal vein-drained organs (PVDO/W) of pigs that were fed the control diet (@-e and 0-0 for pre-and postassignment periods, respectively; n = 4) or were switched to the diet supplemented with 250 ppm of Cu [@---@ and 0---0 for pre-and postassignment periods, respectively; n = 4) in Trial 1. Values are means f SE. There were no differences ( P > .05) between pre-and postassignment periods for any response criterion in pigs that were fed the control diet throughout or were switched to the diet supplemented with 250 of ppm Cu. sumption different ( P > .05) between the pre-and postassignment periods. The percentage of the wholeanimal 0 2 consumption used by PVDO was similar between the pre-and postassignment periods ( P > . 0 5 ) in pigs that were fed the basal diet throughout or were switched to the diet supplemented with Cu. aValues are means i SE for four pigs; the pre-and postassignment BW for pigs that were fed basal diet throughout were 34.0 f .9 and 36.4
+ .8 kg, respectively, and those for pigs that were switched to the diet supplemented with copper were 33.8 k .7 and 36.2 5 .8 kg, respectively.
No difference (E' > ,051 exists between pre-and postassignment values of any measurement in pigs that either were fed the basal diet throughout or were switched to the diet supplemented with copper.
As shown in Table 2 , during the entire 24-to 30-h postprandial period, there were no differences ( P > .05) between the pre-and postassignment values for the total amount of 0 2 consumed by PVDO and by the whole animal and mean fraction of whole-animal 0 2 consumption used by PVDO in pigs that were fed the basal diet throughout or were switched to the diet supplemented with Cu.
Triul 2. The pre-and postassignment BW of pigs that were fed the basal diet throughout the trial were 38.4 f 1.4 and 40.8 f 1.6 kg, respectively. For pigs that were switched to the diet supplemented with Cu, the pre-and postassignment BW were 38.7 f 1.1 and 41.5 f .6 kg, respectively. Although the ADG of pigs during the 1-wk assignment period was greater for those switched to the diet supplemented with Cu than for those that were fed the basal diet throughout (400 vs 343 g/d, respectively), the difference was not significant ( P > .05).
During the 6-h postprandial period, the values of plasma N H 3 concentration in either the portal or arterial samples were not different ( P > .05) between the pre-and postassignment periods in pigs that were fed the basal diet throughout (Figure 2 1. Likewise, in pigs that were switched to the diet supplemented with Cu, neither portal nor arterial plasma NH3 concentration differed ( P > .05) between the pre-and postassignment periods.
The portal vein plasma flow rates were not different ( P > .05) between the pre-and postassignment periods in pigs that either were fed the basal diet throughout or were switched to the diet supplemented with Cu (Figure 3 ). There was no difference ( P > . 0 5 ) between the pre-and postassignment net portal NH3 absorptions in pigs that were fed the basal diet throughout. In contrast, for pigs that were switched to the diet supplemented with Cu, the net portal NH3 absorption was lower ( P < ,051 during the post-than during the preassignment period.
The values of arterio-portal 0 2 concentration difference did not differ ( P > .05) between the pre-and postassignment periods in pigs that either were fed the basal diet throughout or were switched to the diet supplemented with Cu ( Figure 4) . In neither the pigs that were fed the basal diet throughout nor those that were switched to the diet supplemented with rime From Feeding (h) Figure 3 . Portal vein plasma flow rate and net portal ammonia absorption of pigs that were fed the control diet (0-0 and 0-0 for pre-and postassignment periods, respectively; n = 3) or were switched to the diet supplemented with 250 ppm of Cu (0---0 and O---0 for pre-and postassignment periods, respectively; n = 4) in Trial 2. Values are mean k SE. There were no differences (P > .05) between pre-and postassignment periods for portal vein plasma flow rate in pigs that were fed the control diet throughout or were switched to the diet supplemented with Cu. The net portal ammonia absorption was not different (P > .05) between pre-and postassignment period in pigs that were fed the basal diet, but it was reduced (P < .05) during the postassignment period in pigs that were switched to the diet supplemented with Cu.
percentage of the whole-animal 0 2 consumption used by PVDO were also found in pigs that either were fed the basal diet throughout or were switched to the diet supplemented with Cu. During the entire 0-to 6-h postprandial period, the total NH3 absorbed into the portal vein was not different ( P > .05) between the pre-and postassignment periods in pigs that were fed the basal diet throughout, but it was reduced ( P < .05) during the postassignment period in pigs that were switched to the diet supplemented with Cu. Whether pigs were fed the basal diet or the diet supplemented with Cu, no differences ( P > .05) between the pre-and postassignment periods were detected during the entire first six Figure 4 . Arterio-portal oxygen concentration difference, oxygen consumption by portal vein-drained organs IPVDO), whole-animal oxygen consumption, and percentage of whole-animal oxygen consumption used by PVDO (PVDO/W) of pigs that were fed the control diet (0-0 and 0-0 for pre-and postassignment periods, respectively; n = 3) or were switched to the diet supplemented with 250 ppm of Cu [e---0 and O---0 for pre-and postassignment periods, respectively; n = 4) in Trial 2. Values are means SE. There were no differences (P > .05) between pre-and postassignment periods in pigs that were fed the control diet throughout or were switched to the diet supplemented with Cu.
postprandial hours in the total amount of 0 2 consumed by PVDO and by the whole animal and the mean fraction of the whole-animal 0 2 consumption used by PVDO.
Discussion
Previously, we reported that the PVDO of growing pigs, although representing only 5% of BW, used nearly 20% of whole-body 0 2 consumption (Yen et al., 1989) . This disproportionally high percentage of whole-animal 0 2 consumption used by the PVDO was also observed in the present study. As presented in Table 3 . Pre-and postassignment total portal ammonia (NH,) absorption, total oxygen consumption by portal vein-drained organs (PVDO) and by the whole animal, and mean fraction of whole-animal oxygen consumption used by PVDO during the 0-to 6-hour postprandial period of pigs in Trial 2a ~~ aValues are means f SE for three pigs that were fed the basal diet throughout and that had 38.4 i 1.4 and 40.8 f 1.6 kg BW at pre-and postassignment periods, respectively, and for four pigs that were switched to the diet supplemented with copper and that had 38.7 i 1.1 and 41.5 bWalues within a row and the same dietary treatment without a common superscript letter differ ( P < ,051.
.6 kg BW at pre-and postassignment periods, respectively. Tables 2 and 3, the mean fractions of whole-animal 0 2 consumption used by the PVDO of pigs fed the basal diet were 20.0 and 21.6% during the 0-to 6-h and 24-to 30-h postprandial periods, respectively. A reduction in energetic demand by the PVDO would allow more absorbed energy and other nutrients for body growth. This seemed to be the case in pigs fed a diet supplemented with 55 ppm of carbadox. When the 0 2 consumption by PVDO and the whole animal during the 24-to 30-h postprandial period was measured in young pigs, dietary supplementation of 55 ppm of carbadox decreased the fraction of wholeanimal 0 2 consumption used by PVDO at 26 and 27 h postprandial (Yen and Nienaber, 1992) . In the present study, feeding pigs 250 ppm of supplemental Cu did not reduce the fraction of whole-animal 0 2 consumption used by PVDO during the entire 24-to 30-h postprandial period. Failure of a decreased energetic demand by PVDO from 250 ppm of Cu indicates that the mechanism of growth promotion by feeding high levels of Cu in pigs is different from that by carbadox. The existence of different modes of action would explain why combined inclusion of Cu and antibiotics frequently results in an additive effect on growth in pigs (Cromwell, 1991) .
Trial 2 of the present study showed that feeding 250 ppm of Cu reduced the total amount of NH3 absorbed into the portal vein of pigs during the first 6-h postprandial period. This effect of Cu on portal NH3 absorption is similar to that observed in pigs fed 55 ppm of carbadox (Yen and Pond, 1990) . Radecki (1990) found a decreased urea hydrolysis in the jejunum of pigs fed supplemental carbadox, Cu, or chlortetracycline. Varel et al. ( 198 7 ) reported that 125 ppm of supplemental Cu markedly reduced the number of ureolytic organisms and urease activity in the fecal samples of pigs. The reduced net portal NH3 absorption observed in the present study may reflect decreased urea hydrolysis and NH3 production by intestinal microbes. Menten et al. (1988) showed a tendency for decreased NH3 concentration in the contents of proximal and medial jejunum and transverse colon and lower portal plasma NH3 concentration in young pigs fed 250 ppm of Cu. In rats, NH3 produced in the intestine increased weight, nucleic acid synthesis, and protein in the intestinal mucosal cells (Topping and Visek, 1977) . Therefore, decreased production and absorption of gut NH3 has been postulated as the underlying cause for the reduced small intestinal mass and energetic demand by PVDO in pigs fed 55 ppm of carbadox (Yen and Pond, 1990) . In the present study, despite a decrease of portal NH3 absorption during the 6-h postprandial period, feeding 250 ppm of Cu reduced neither the 0 2 consumption by PVDO nor the percentage of whole-animal 0 2 consumption used by PVDO during the first six postprandial hours. This absence of a reduction in the energetic demand by PVDO from 250 ppm of supplemental Cu may be due t o its failure to exert an effect on the small intestinal mass. Dietary supplementation of 55 ppm of carbadox decreased small intestinal mass in young pigs (Yen et al., 1985 Yen and Pond, 1993) . However, no reduction in small intestinal mass was observed in pigs fed 283 ppm of Cu for 3 wk (Shurson et al., 1990) or 250 ppm of Cu for 8 wk (Yen and Pond, 1993) . Shurson et al. (1990) further reported that feeding 283 ppm of Cu seemed t o increase enterocyte turnover in the conventionally reared pigs, although it tended to decrease intestinal cell turnover in germ-free pigs. Yet, in nursery pigs fed a diet supplemented with 250 ppm of Cu, a reduced mitotic index in lower colonic, but not in jejunal, mucosa was observed by Menten et al. (19881 , and a decreased turnover rate of the jejunal intestinal mucosa was found by Radecki et al. (1992) . If high dietary Cu reduces intestinal mucosa turnover rate in pigs, then it probably will lower the fraction of whole-animal 0 2 consumption used by PVDO. A reduction in the oxidative demand by PVDO in pigs fed 250 ppm of Cu could not be detected during the first 6-h postprandial or the 24-to 30-h period of feed withdrawal in the present study. This failure by 250 ppm of dietary Cu to yield a decreased oxidative demand by PVDO during both the 6-h postprandial and the 24-to 30-h period of feed withdrawal suggests that growth stimulation in pigs fed high dietary Cu is not related to the oxidative demand by PVDO.
In the present study, the total portal NH3 absorption during the first 6-h postprandial period was reduced by 26% when the pigs were fed the diet supplemented with Cu (Table 3 ) . Most portal NH3 is removed from the blood by the liver through urea synthesis to prevent hyperammonemia, which would disrupt the central nervous system (Balistreri and Shaw, 1987) . Although urea synthesis in the liver is an energy-consuming event, it does not seem to make a significant contribution to the whole-animal 0 2 consumption. In steers, the energy expenditure pertaining to urea synthesis accounts for only 7.1% of the 0 2 used by the liver (Eisemann and Nienaber, 1990) and merely 1.4% of whole-animal 0 2 consumption (McBride and Kelly, 1990) . The exact energetic demand for the urea synthesis by the liver in pigs is not known. If the liver of the pig uses the same amount of whole-animal 0 2 consumption for urea synthesis as does the liver of steers, then a 26% reduction in portal N H 3 absorption from feeding 250 ppm supplemental Cu will lower the pig's wholeanimal 0 2 consumption by 5 .4% (26% x 1.4%). A reduced energetic demand by the liver for urea synthesis is apparently not an important contributor to the growth-stimulating effect of high dietary Cu in pigs.
Implications
The mechanism whereby high levels of dietary copper stimulate growth in pigs is still not clear. Feeding a diet containing 250 ppm of supplemental copper did not reduce the energetic demand by the gastrointestinal tract, spleen, and pancreas in relation to the whole-animal energetic requirement of growing pigs. Even though feeding high levels of copper lowered net portal ammonia absorption, and possibly hepatic urea synthesis, the decrease in the energy expenditure pertaining to urea synthesis by the liver may be too small to have a significant effect on body growth of pigs.
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